The Quantum Monte Carlo Diagonalization method for solving quantum many-body problems has been proposed, and its applications to the nuclear shell model have been extensively developed. We have proposed and developed the Quantum Monte Carlo Diagonalization (QMCD) method for solving the many-body problem with a two-body interaction. 1) -4) In the QMCD, most important basis vectors of the many-body Hilbert space are searched in a stochastic way, and the Hamiltonian is diagonalized with respect to those basis vectors. Contrary to usual Quantum Monte Carlo (QMC) methods, the minus sign problem is absent, and energy eigenvalues, matrix elements and wave functions can be obtained not only for the ground and but also for the excited states. In the nuclear shell model, the matrix of the Hamiltonian is diagonalized for a given many-body system where particles are interacting through a two-body interaction. The dimension of the Hamiltonian matrix can often be too large to carry out the conventional exact diagonalization. On the other hand, the shell model calculations play indispensable roles in going beyond mean field approximations. Thus, one definitely needs an alternative approach to solve the shell model. The shell model calculations based on the QMCD are referred to as the Monte Carlo Shell Model (MCSM). The MCSM turns out to be extremely useful in the nuclear shell model, particularly for large systems. Such large systems are of particular significance in the study of nuclei far from the stability line which are being explored by means of radioactive nuclear beams.
(Received December 8, 1999) The Quantum Monte Carlo Diagonalization method for solving quantum many-body problems has been proposed, and its applications to the nuclear shell model have been extensively developed. This application is called Monte Carlo Shell Model. The actual numerical calculations of Monte Carlo Shell Model can be carried out very efficiently by a massive parallel computer, and indeed we have introduced one called Alphleet to RIKEN recently. A brief sketch of the Monte Carlo Shell Model and its parallel computing are presented. §1.
Monte Carlo Shell Model
We have proposed and developed the Quantum Monte Carlo Diagonalization (QMCD) method for solving the many-body problem with a two-body interaction. 1) -4) In the QMCD, most important basis vectors of the many-body Hilbert space are searched in a stochastic way, and the Hamiltonian is diagonalized with respect to those basis vectors. Contrary to usual Quantum Monte Carlo (QMC) methods, the minus sign problem is absent, and energy eigenvalues, matrix elements and wave functions can be obtained not only for the ground and but also for the excited states. In the nuclear shell model, the matrix of the Hamiltonian is diagonalized for a given many-body system where particles are interacting through a two-body interaction. The dimension of the Hamiltonian matrix can often be too large to carry out the conventional exact diagonalization. On the other hand, the shell model calculations play indispensable roles in going beyond mean field approximations. Thus, one definitely needs an alternative approach to solve the shell model. The shell model calculations based on the QMCD are referred to as the Monte Carlo Shell Model (MCSM). The MCSM turns out to be extremely useful in the nuclear shell model, particularly for large systems. Such large systems are of particular significance in the study of nuclei far from the stability line which are being explored by means of radioactive nuclear beams.
The MCSM calculation is characterized as the importance truncation to the full exact diagonalization of the Hamiltonian matrix, 5) because it produces good approximation with a small number (about several tens) of best selected important basis vectors. §2.
A test of Monte Carlo Shell Model
The validity of Monte Carlo Shell Model has been confirmed by comparing its result to the result of the exact diagonalization of the same Hamiltonian. Here, the nucleus 48 Cr is taken, and the exact result is obtained from Ref. 6) where an excellent agreement with recent experimental data 7) is presented. The KB3 interaction 8) has been used in the calculation. Figure 1 shows energies of yrast states of 48 Cr. In the top figure, the QMCD results for energy eigenvalues are shown by solid lines as functions of the QMCD dimensions. Since the angular momentum projection is made for each basis, the addition of a new basis (i.e., increase of the dimension) implies inclusion of more dynamical degrees of freedom. One finds that the QMCD results are already rather good at the dimension 20.
The point with error bar at far right is the ground state energy of the Shell Model Monte Carlo calculation with finite temperature T =0.5 MeV.
9) The Shell Model Monte Carlo method is an auxiliary field Monte Carlo calculation.
10)
In the bottom figure, a back-bending plot is made for the QMCD (open circle) and exact (triangle) results in comparison with experimental data (closed circle).
7)
Although the energy eigenvalues are still somewhat higher than the corresponding exact values at the dimension 40 in the top figure, the agreement is nearly perfect for the excitation energies as seen in the bottom figure. 
§3. Parallel computing with Alphleet
The MCSM calculations can be performed very efficiently by using a massive parallel computer. Each node, however, must have high capability of scalar computation, because individual process of the calculations is highly sophisticated and involves complex numbers. In this respect, a parallel machine consisting of high performance servers can be a good solution. In fact, we built a system called Alphleet as described in Ref. opening wide perspectives of the nuclear structure calculations. These applications include studies on the nucleus 56 Ni, 4), 12) on unstable nuclei around 32 Mg, 13) and on collective dynamics such as the spherical-deformed phase transition and the gamma-unstable deformation in Xe-Ba nuclei. 14) Further applications of MCSM are in progress, and can be enhanced more with more CPU's. The QMCD method has been proposed so that one can obtain most important basis states for solving many-body problems by utilizing quantum Monte Carlo idea. 1) -4) In this sense, the QMCD method can be characterized as the Importance Truncation scheme to the full diagonalization.
5) Its applications to the nuclear shell model have been carried out for a variety of nuclei already, with many interesting results.
4), 12) -14) Such applications are strongly owing to the successful operation of a massive parallel computer, Alphleet. Further studies of nuclear and other manybody problems are expected to come.
